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Abstract. Accurate reservoir budgets are important for understanding regional fluxes of sediment and nutrients. Here we present a comprehensive budget of sediment (based on total suspended solids, TSS), total nitrogen (TN) and total phosphorus (TP) for two subtropical reservoirs on rivers with highly intermittent flow regimes. The budget is completed from July 1997 to June 2011 on the Somerset and Wivenhoe reservoirs in southeast Queensland, Australia, using a combination of monitoring data and catchment model predictions. A major flood in January 2011 accounted for more than half of the water entering and leaving both reservoirs in that year, and approximately 30 % of water delivered to and released from Wivenhoe over the 14-year study period. The flood accounted for an even larger proportion of total TSS and nutrient loads: in Wivenhoe more than one-third of TSS inputs and two-thirds of TSS outputs between 1997 and 2011 occurred during January 2011. During non-flood years, mean historical concentrations provided reasonable estimates of TSS and nutrient loads leaving the reservoirs. Calculating loads from historical mean TSS and TP concentrations during January 2011, however, would have substantially underestimated outputs over the entire study period, by up to a factor of 10. The results have important implications for sediment and nutrient budgets in catchments with highly episodic flow. First, quantifying inputs and outputs during major floods is essential for producing reliable longterm budgets. Second, sediment and nutrient budgets are dynamic, not static. Characterizing uncertainty and variability is therefore just as important for meaningful reservoir budgets as accurate quantification of loads.
Introduction
Over the past century, human activities have caused unprecedented changes in water, sediment and nutrient movement between the atmosphere, lithosphere, hydrosphere and biosphere (Rockstrom et al., 2009) . Modification of these natural biogeochemical cycles on a range of scales has the potential to alter fundamental Earth system processes and undermine the ecosystem services on which human societies depend (Vorosmarty and Sahagian, 2000; Steffen et al., 2015) . For example, artificial fixation of atmospheric nitrogen by humans exceeds fixation rates by all natural processes combined, contributing to a range of environmental problems including acidification, eutrophication and climate change (Gruber and Galloway, 2008; de Vries et al., 2013) . The rate of application of phosphorus (P) to erodible soil is unsustainable in many parts of the world (Carpenter and Bennett, 2011 ) and may threaten future food security (Cordell et al., 2009; Van Vuuren et al., 2010) .
Managing soil and nutrient resources more sustainably is therefore imperative, requiring reliable, quantitative sediment and nutrient budgets at local, regional and global scales (e.g. Syvitski et al., 2005; Radach and Piitsch, 2007; Metson et al., 2012 (Harrison et al., 2009; Koiv et al., 2011) . Globally, reservoirs are estimated to trap 26% of the modem export of sediment to the coastal 7.0lle, and billions of tonnes of sediment have been impounded within reservoirs since the mid-20th century (Syvitski et al., 2005) .
While quantifying sediment and nuttient loads is essential for closing local and regional nutrient budgets (Metson et al., 2012; Walling and Collins, 2008) , estimating uncertainty in these loads is a major challenge (Walling and Collins, 2008; Parsons, 2012; Carpenter et al., 201S) . Sediment and nuttient retention in reservoirs depends on many factors, including delivery (which is related to catchment size, land use and geology and river discharge volumes), sediment particle size, storage capacity and water release practices (Mahmood. 1987; Graf et al., 2010; Leigh et al, 2010; Issa et al., 2015) . In tropical and subtropical river systems, large and episodic fluctuations in discharge due to seasonal and inter-decadal cycles in rainfall patterns mean that large sediment and nutrient inputs can be delivered in relatively short time frames (Kennard et al., 2010; Lewis et al., 2013) . For example, in one reservoir in subtropical Australia, net phosphorus retention over a 6-year drought period was driven by moderateflow events over just 12 days (Burford et al., 2012) . Thus, reservoir budgets can vary across different time periods (Parsons, 2012) . The greater the climatic variability in the catchment. the longer the budget time frame required to capture representative data.
This study aims to complete budgets of sediment and nutrients (N and P) for two large subtropical reservoirs. The catchments of both reservoirs are characteri7.ed by bighintensity episodic rainfall and runoff events; therefore, the budgets are conducted over more than a decade to capture a wide range of climatic conditions. More specifically, the stlldy assesses the effect of variability in flow on both the magnitude and uncertainty in sediment and nutrient loads entering, leaving and retained within the reservoirs.
Materlals and methods
Sediment and nutrient budgets were completed for the Somerset and Wivenhoe reservoirs over 14 years from July 1997 to June 2011. For this study, mment is defined as the mixtme of inorganic and organic matter, measured by dry weight of filtered solids, i.e. total suspended solids (TSS). Jnputs and outputs of water, TSS, total nitrogen (TN) and total phosphorus (TP) were estimated using a combination of catchment model predictions and monitoring data, measured at intervals ranging from hourly to monthly. Output loads of TSS, TN and TP were estimated using four different methods to deal with missing data.
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Study BftB
Somerset and Wivenboe reservoirs are major drinking water and flood mitigation reservoirs in southeast Queensland, Australia (27"7' S, 152°33' E and 27°24' S, 152"36' E. respectively), linked by the Stanley River. The Stanley River was dammed to form the Somerset reservoir in 19S9, and the Wivenhoe dam wall was constructed further downstream below the confiuence of the Stanley River and Upper Brisbane River (UBR) in 1984 (Fig. 1) . The catchment areas of the Somerset and Wivenboe reservoirs are 1340 and 5680km. 2 , respectively. At full supply capacity, Somerset holds 0.380km. 3 (380000ML), with a mean water depth of 9.3m and a surface area of 42km. 2 • Wivenhoe holds 1.16Skm. 3 (116SOOOML) with a mean water depth of 10.Sm. and surface area of 100km. 2 (Leigh et al., 201S) . Both reservoirs are eutrophic and warm monomictic, with overturn in the austral autumn and stratification in the austral summer, which results in anoxic bottom waters (Burford and O'Donohue, 2006) . Water is released continuously from Wivenhoe reservoir for water treatment downstream.
Mean annual rainfall in the region is 743 mm (Bureau of Meteorology, bom.com.au, Grinham et al. (2012) using the event-mean and flow correlation methods are 1 and 2 orders of magnitude, respectively, above our estimate of 0.2Mt (Table I) . Event-mean concentrations do not account for tbe shape of the flood peak, and there is an order of magnitude clifference between the loads estimated from the event-mean concentration method and the flow-load correlations. This demonstrates the difficulty not only in determining loads for reservoir budgets but also in finding meaningful estimates of uncertainty. Our uncertainty analysis was as thorough as possible given the data available, but our estimate of 70 % confidence in SC model predictions may not be valid for major floods. While the predictions of TSS loads generated by the SC model agreed well with measured loads in flow events at gauging stations on both the Stanley River and UBR, the January 2011 event was so large in magnitude that it was outside the calibration range of the SC model and the rating curves at the gauging stations. Refining the estimates of input and output loads during January 2011 is the key to both reducing and better quantifying uncertainty in long-term sediment and nutrient budgets for the reservoirs.
Reliable reservoir budgets require reliable data. During non-flood years, mean historical concentrations provided reasonable estimates of TSS and nutrient loads leaving the reservoirs. However, calculating loads from historical mean TSS and TP concentrations during January 2011 would have underestimated outputs over tbe entire study period by a factor of2-7 (Fig. 6, Table S4 ). Since extreme flow events generate both tbe highest inputs and outputs of TSS and nutrients, and the highest uncertainty in loads, more intensive monitoring during high-flow events is required to increase confidence in these long-term reservoir budgets. Reducing the frequency of routine monitoring and using these savings to fund measurements during extreme events may therefore be a cost-effective way to reduce uncertainty in reservoir budgets.
The hydrological regimes of both the Somerset and Wivenboe reservoirs are typical of the unpredictable and intermittent flow regimes found in rivers on the eastern coastal fringe of Australia (Kennard et al., 2010) . Hence, our findings will be particularly relevant in tropical and subtropical systems, where intra-and inter-annual variability are particularly high (Lewis et al., 2013) . Because major floods play such a dominant role in the sediment and nutrient budgets of reservoirs with highly variable flow regimes, sustainable management of soil and nutrient resources will mean addressing sediment erosion and nutrient inputs during major floods. Land use change is the key factor responsible for changes in sediment and nutrient delivery to downstream water bodies throughout Australian catchments and no doubt in similarly modified landscapes beyond (Harris, 2001; Bartley et al., 2012; Powers et al., 2015) . In the subtropical catchments of southeast Queensland reservoirs, for example, Hydro!. Earth Syst. Sci., 20, 4881-4894, 2016 river channel erosion is the main source of sediment inputs, and restoring riparian vegetation is the main mechanism by which these loads can be reduced (Wallbrink, 2004; Leigh et al., 2013; Olley et al., 2015) .
Uncertainty and variability in reservoir budgets
While catchment and reservoir budgets can be very useful, constrncting accurate budgets is difficult due to limited availability of data, and the challenges in reconciling data collected on clifferent spatial and temporal scales, and over different time periods. Given these issues, Parsons (2012) identified three criteria for useful catchment budgets: (1) an explicit statement of the time frame over which it is valid, (2) quantities determined from the clifference between measured loads should be treated with caution, and (3) uncertainty should be specified on all values. This study enables us to refine and update these principles.
Our results demonstrate that the time frame affects the uncertainty in budget estimates in two ways. First, if there are no systematic errors in budget loads, relative error in total loads will decline as duration of the study increases, as can be seen from Eq. (2). This explains why relative uncertainty in mean loads over the non-flood years and retention over the entire study period are much lower than uncertainty during the flood year (Table 2) . Second, budgets conducted over longer time frames are more likely to capture a realistic representation of climatic conditions, particularly in tropical and subtropical systems where variation in flow can be extremely high (Kennard et al., 2010; Burford et al., 2012; Lewis et al., 2013) . Variation in input and output loads was very high even in the 13 non-flood years (Fig. 3) ; the standard deviation of input and output loads was typically similar or equal to the mean loads for both reservoirs (Table 1) . In systems such as our study sites, where flow is highly episodic, a static budget of water, sediment or nutrient loads will have limited value, and budgets are best presented as time series.
While quantifying uncertainty in reservoir budgets is important (Parsons, 2012) , it can be extremely difficult, due to the necessity of combining data and predictions from different sources, across clifferent spatial and temporal scales (Walling and Collins, 2008; Hobgen et al., 2014) . Here we were able to quantify uncertainty in all loads, using a range of methods, including verification of the catchment model SC against both event loads and independent empirical models. Relative uncertainty was the highest in reservoir retention (Table 2) , because retention is the difference between input and output loads, and uncertainty in retention depends on the addition of input and output errors squared (Eq. 2).
Full quantification of uncertainty in all components of the budget (Parsons' third principle of catchment budgets) makes it clear that uncertainty is particularly high in quantities that are calculated from other budget terms, rather than independently determined (Parsons' second principle) . Thus, these two principles can be combined. reflects sediment dynamics, which is strongly controlled by the physical processes of advecti.on and settling. TP retention was lower and more variable than TSS retention in either reservoir, and .increased with hydraulic residence Lime (Fig. 8) , similar to the findings of a long-term study of an arid lake system in Australia (Cook et al., 2010) . P retention has been dem.ons1rated in reservoirs throughout the world (Josette et al., 1999; Bosch and.Allan, 2008) . HoweverTP ~ tend.on was more variable than TSS retention because P can be transformed via chemical and biological processes into a range of organic and inorganic forms. TP is associated with the finer fractions of TSS, which are less likely to settle and hence more likely to be transported through the reservoir during periods of short retention Lime (Keir et al., 2011; Lewis et al, 2013) , increasing the proportion of P likely to be transported through the reservoir during periods of overfiow.
Interpreting retention of N is more complicated than either TSS or TP. Whereas both nutrients and sediments can be~ posited from the a1m.Osphere and buried in sediments, N can also be exported via denitrificati.on and imported through N fixation by cyanobacteria. These processes are not included in the budget; thus, uncertainty in TN loads and retention will be underestimated. N is typically retained in reservoirs globally (Harrison et al., 2009) , and was consistently retained in Somerset throughout the study period. However, Wivenhoe was frequently a net exporter of TN (Fig. 8) , typically during drought years when releases for water supply were less than reservoir infiows (Fig. 3) .
The impact of reservoirs on downstream aquatic ecosystems depends of the form of nutrients released as well as the total loads (Kunz et al, 2011) . Overall, TN is retained by both reservoirs over the study period (Table 2) . However, the [DIN] leaving the bottom of both reservoirs was typiHydroL Earth Syst. Sci., .20, 4881-4894, .2016 cally higher than the concentration of DIN measured in the UBR during events (Fig. 5) , probably due to anoxic conditions in reservoir bottom waters (Burford and O'Donohue, 2006) . Ratios of total and dissolved inorganic N: P were substantially higher in both reservoirs than in the UBR (Fig. S3) . Therefore, the impacts of reservoirs on downstream nutrient conditions will depend on the timing and magnitude of sediment and nutrients loads into the reservoirs, trapping efficiency and transformation processes within the reservoirs themselves.
Conclusions
Major floods dominated the 14-year sediment and nutrient budgets determined here for Somerset and Wivenhoe, which are sub1ropical reservoirs subject to episodic ft.ow. Our results demonstrate that reliable sediment and nutrient budgets depend on the availability of data during high-fl.ow periods, and that such budgets may be inherently dynamic. Static budgets of water, sediment or nutrients would be meaningless at best and misleading at worst for these reservoirs, because both the magnitude and timing of loads are highly dynamic. Understanding variability and uncertainty are therefore just as important as quantifying loads in characterizing reservoir budgets in regions with intermittent and variable flow. This is especially relevant in a world in which many once-perennial rivers are expected to transition to intermittent flow regimes (])(jll and Schmied, 2012) and the pace of dam construction in many regions continues to escalate (Winemiller et al., 2016) . mnr.hydrol·earth-syst«.i.net/20/4881/2016/ 6 Data availability Data supporting the conclusions will be submitted to an onIine data repository once this manuscript is accepted for publication.
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